The shoot-branching habit generates much of the unique form of the plant and provides the scaffold upon which the shoot system is elaborated. In many species, branching is a plastic trait that is modified by intrinsic and environmental signals to produce a form suitable for the ecological/evolutionary context in which the plant grows. Appropriate branching maximizes the utilization of resources and reproductive success to increase fitness (Juenger and Bergelson, 2000; Lortie and Aarssen, 2000; Bonser and Aarssen, 2003; Weinig et al., 2003) . Branching is also an important agricultural trait that has been selected for during the domestication and improvement of many crops (Doebley et al., 1997; Wacker et al., 2002; Doust et al., 2004 Doust et al., , 2007 Li et al., 2006; Bachlava et al., 2010) . Branching contributes to yield and quality and end use parameters that are of interest to breeders, producers, and ultimately consumers of agricultural products (Zarrough et al., 1983; Peng et al., 1994; García del Moral and García del Moral, 1995; Zhao et al., 2006; Boe and Beck, 2008) .
Shoot branches arise through a multistep process beginning with the formation of an axillary meristem in the leaf axil . The axillary meristem then generates an axillary bud through expansion of the meristem and the production of a few leaves and/or leaf primordia. The axillary bud may subsequently grow out to form a branch or it may remain dormant or semidormant for an indefinite period of time. In Arabidopsis (Arabidopsis thaliana), the formation of axillary buds and the outgrowth of buds to form branches occur in a basipetal wave coincident with the initiation of flowering under long days (Hempel and Feldman, 1994) . While buds at upper positions of the rosette grow out to form branches in many ecotypes, buds at lower positions have less outgrowth potential and often remain arrested.
Branching plasticity appears to manifest at the level of bud outgrowth (Kebrom et al., 2006; Leyser, 2009; Finlayson et al., 2010) . Auxin has long been known to contribute to branching, although the mechanistic basis of its function remains somewhat ambiguous (Waldie et al., 2010; Domagalska and Leyser, 2011) . Auxin promotes apical dominance through a pathway whereby auxin derived from the main shoot apex inhibits the outgrowth of lower axillary buds, a form of correlative inhibition. The effect of auxin on the bud is indirect, as apically sourced auxin does not enter the bud. Contrasting theories contend that auxin effects on bud outgrowth are mediated by a second messenger(s) or that they result from competition between the main shoot and the axillary bud for auxin export in the polar auxin transport stream, although the two theories are not necessarily exclusive Brewer et al., 2009; Prusinkiewicz et al., 2009) . Cytokinins have been considered as candidates for an auxin second messenger, as they have the potential to promote bud outgrowth and cytokinin abundance in or near the bud correlates with bud fate (Emery et al., 1998; Tanaka et al., 2006) . Other data provide evidence that a strigolactone-derived hormone associated with the pea (Pisum sativum) RAMOSUS pathway and the Arabidopsis MORE AXILLARY GROWTH pathway could be an auxin second messenger (Brewer et al., 2009) . However, there is additional evidence to suggest that this hormone(s), which acts to repress branching, may exert its effects by modulating the capacity of the polar auxin transport stream Prusinkiewicz et al., 2009) .
Branching is modulated by several environmental factors, including light. Both photosynthetic photon flux density (PPFD) and the red light/far-red light ratio (R:FR) exert a strong influence on branch development, and interactions between the two parameters are known to occur (Kasperbauer, 1971; Deregibus et al., 1983; Casal et al., 1985 Casal et al., , 1986 Davis and Simmons, 1994; Robin et al., 1994; Wan and Sosebee, 1998; Donohue and Schmitt, 1999; Kebrom et al., 2006; Finlayson et al., 2010; Su et al., 2011) . Many plants monitor the R:FR as a measure of proximal competition, and they use this information to modify growth and development accordingly (Ballaré, 1999) . In a noncompetitive environment where the R:FR is high, responsive plants maintain a moderate balance between main shoot elongation and branch growth. The vegetation of nearby competitors reflects far-red light, resulting in a reduction in the R:FR, and promotes the shadeavoidance syndrome (SAS) in responsive plants like Arabidopsis (Smith, 1995; Franklin and Whitelam, 2005; Casal, 2012) . One output of the SAS is repressed branch development, while elongation of the main shoot is promoted. The effects of the R:FR are transduced largely by phytochrome B (phyB) into changes in the expression of a variety of genes associated with hormone biosynthesis and signaling and bud development (Kebrom et al., 2006; Finlayson et al., 2010; Kebrom et al., 2010; Su et al., 2011) . Ultimately, the SAS may reduce branch numbers, but in Arabidopsis its effects are most apparent in terms of the relationship between the outgrowth of branches at different positions Su et al., 2011) , an effect attributed to correlative inhibition.
In spite of the considerable advances that have accumulated over many years of study, gaps still exist in our understanding of branching, and especially of the regulation of branching by light. In this study, a transcriptome profiling approach was employed to examine the response of specific axillary buds to R:FR signals that regulate bud outgrowth. It was anticipated that this approach might generate new hypotheses concerning the regulation of bud outgrowth that could subsequently be tested.
RESULTS

The Fate of Buds at Specific Positions Can Be Selectively Controlled by the R:FR
Previous studies demonstrated that the R:FR can have profound effects on the outgrowth of axillary buds in both sorghum (Sorghum bicolor) and Arabidopsis (Kebrom et al., 2006; Finlayson et al., 2010; Su et al., 2011) . To investigate this phenomenon in greater detail, the effect of the R:FR on the fate of Arabidopsis buds at different positions in the rosette and the bases for their responses were explored. Preliminary experiments indicated that low the R:FR applied after axillary buds had formed did not rapidly alter bud development. Therefore, an alternative strategy of increasing the R:FR provided to plants previously grown under low R:FR was pursued. This treatment simulates a scenario where gaps in a canopy are created by disturbance (wind, hail, herbivores, etc.) after shadeavoidance phenotypes have been established. Plants were grown under low R:FR from 1 d after sowing and then exposed to high R:FR on 0 DPA to investigate the effect on the topmost bud (bud n). A companion experiment to target the response of the third bud from the top (bud n-2) to the R:FR employed a similar approach, increasing the R:FR at 3 DPA to permit bud n-2 to developmentally progress to the point where it was competent to respond rapidly to the change in the R:FR. Corresponding controls were maintained under low R:FR. Plants grown in this manner showed severe shade-avoidance phenotypes (Fig. 1A) . The average number of rosette leaves was 5.2 for each treatment group. There was no effect of altering the R:FR on rosette leaf numbers, since they were already formed at the time of treatment. Increasing the R:FR at either 0 or 3 DPA uniformly suppressed the elongation of the main shoot and cauline branches but differentially affected rosette branch elongation, depending on position (Fig. 1B) . The frequency of bud n-2 outgrowth was elevated in plants given high R:FR at both times (Fig.  1C) . The lengths of the rosette branches at the top three positions were used to calculate a correlative inhibition index, as described previously Su et al., 2011) . This index integrates the timing of the initiation of bud outgrowth and the elongation rate of branches from the top three sequential rosette positions, providing a quantitative estimate of branching vigor. Increasing the R:FR reduced the correlative inhibition and thus increased branching strength (Fig. 1D) .
Bud n was slightly larger at the start of outgrowth compared with bud n-2 (Supplemental Fig. S1, A and B) . In both cases, small leaves and flowers were apparent. Daily bud length measurements revealed contrasting responses of bud n and bud n-2 to increased R:FR (Fig. 1, E-H ). Bud n began to grow near anthesis regardless of the R:FR, and its elongation was gradually reduced by increasing the R:FR (Fig. 1, E and F) . Conversely, bud n-2 was almost completely arrested under low R:FR. Bud n-2 elongation responded within 24 h of increasing the R:FR at 3 DPA (Fig. 1H) or within 72 h when the R:FR was increased at 0 DPA (Fig. 1G) .
In summary, high R:FR could be used to rapidly and robustly promote the outgrowth of bud n-2 of plants previously grown under low R:FR, especially when the treatment was applied at 3 DPA.
Analysis of Axillary Bud Genes Showing Differential Expression Responses to the R:FR
The preceding experimental protocol was used as a basis to explore the rapid changes in the transcriptome of unelongated bud n and bud n-2 in response to changes in the R:FR using Affymetrix ATH1 genome arrays. Arrays were hybridized with probe generated from buds harvested 3 h after increasing the R:FR on 0 DPA (bud n) and 3 DPA (bud n-2). Buds at these stages were poised to begin elongation (Fig. 1, E and H) . The analysis design and general outputs are presented in Supplemental Figure S1 . Statistical analysis produced four major groups of differentially regulated genes. Group 1 was specific for R:FR effects (386 features), group 2 was specific for bud position effects (6,162 features), group 3 was specific for the combined effects of R:FR and bud position (1,208 features), and group 4 was specific for any interaction effects (2,048 features). Together, these groups contained a total of 9,804 nonredundant, differentially expressed features (Supplemental Fig. S1 ). A pairwise Student's t test for the effect of R:FR was then applied to this set, and genes that showed significant effects of the R:FR in bud n-2 were retained to investigate the processes involved in the regulation of bud outgrowth by the R:FR. Genes were finally clustered into two groups: those showing lower expression in response to elevated R:FR in bud n-2 and those showing higher expression (Supplemental Fig. S1 ; Supplemental Table S1 ).
A total of 1,402 genes showed lower expression in response to elevated R:FR in bud n-2 (Fig. 2) . Cluster analysis discovered overrepresented Gene Ontology (GO) terms and promoter motifs in this set. Many of the promoter motifs identified were based on variations of the G-box, although a few non-G-box motifs were also found. G-box motifs included those associated with both light and abscisic acid (ABA) signaling. GO terms associated with a variety of hormones, including ABA, were overrepresented, as were likely outputs of ABA signaling, such as osmotic stress response. Light signaling GO terms were also overrepresented. The converse comparison of genes that showed increased expression in response to elevated R:FR in bud n-2 produced a total of 1,255 genes ( Fig. 2) . Only two promoter motifs were identified in this set. GO terms associated with osmotic stress, temperature stimulus, and wounding overlapped with those from the previous set. Cytokinin signaling was the only hormone GO term discovered in the set of genes with increased expression following exposure to high R:FR.
Genes involved in ABA biosynthesis, signal transduction, and transcriptional regulation showed expression patterns that varied by bud position and the R:FR. ABA biosynthetic gene expression was higher in bud n-2 versus bud n, with the key NINE-CIS-EPOXYCAROTENOID DIOXYGENASE3 (NCED3) gene showing the greatest differential (Fig. 3A) . Increasing the R:FR resulted in a sharp decline in NCED3 mRNA abundance in bud n-2, suggesting that ABA levels might also decline. This possibility was supported by similar expression patterns apparent in several ABA signal transduction genes ( Fig. 3B ) and ABA-responsive transcription factor genes ( Fig. 3C ). Based on averaged ABA-responsive gene expression ( Fig. 3D ), ABA signaling was elevated in bud n-2 versus bud n and decreased in bud n-2 exposed to high R:FR. The expression responses of a selection of the genes used to derive the average ABA signal response are presented in Supplemental Figure S2 . The majority of genes identified as positively regulated by ABA showed decreased expression in bud n-2 provided with high R:FR, and expression was generally lower in bud n compared with bud n-2. A very small proportion of these genes showed significant expression differences in response to the R:FR in bud n, indicating that the effects of the R:FR on ABA responses were specific for bud n-2.
The expression of two genes involved in indole-3-acetic acid (IAA) biosynthesis showed opposing responses to the R:FR in bud n-2 (Fig. 3E) , while the expression of IAA-conjugating genes was suppressed by high R:FR (Fig. 3F) . The expression responses of the individual IAA-responsive transcription factors to the R:FR varied considerably (Fig. 3G ) and, therefore, did not provide support for auxin signaling status, but the average expression of auxin-responsive genes (Fig. 3H ) was reduced in bud n-2 under high R:FR, indicating that auxin signaling might be repressed. Trends in IAA-related gene expression between bud positions were not as clear as those for ABA, but the average expression of auxin-responsive genes was generally elevated in bud n-2 compared with bud n. The expression patterns of a selection of the genes used to derive the average IAA signal response are presented in Supplemental Figure S3 . Most of the genes identified as positively (or negatively) regulated by IAA showed corresponding decreased (or increased) expression in bud n-2 provided with high R:FR.
The expression of several light signaling genes responded to the R:FR in bud n-2 (Fig. 4) . High R:FR reduced the expression of ARABIDOPSIS THALIANA HOMEOBOX PROTEIN2 (Carabelli et al., 1993) and LONG HYPOCOTYL IN FAR-RED (Sessa et al., 2005) , which respectively promote (Steindler et al., 1999) and inhibit (Lorrain et al., 2009) shade-avoidance responses. High R:FR enhanced the expression of HY5-HOMOLOG (HYH) and reduced the expression of PHYTOCHROME KINASE SUBSTRATE4, and these changes are important for the termination of shade signaling by sunflecks with high R:FR (Sellaro et al., 2011) . Low R:FR enhanced the expression of several G-box binding factor genes, including G-BOX BINDING FACTOR1 (GBF1), and GBF1 interacts physically with HYH, antagonizing its function (Singh et al., 2012) . Low R:FR also enhanced the expression of PHYTOCHROME-INTERACTING FACTOR1 (PIF1) and PIF6 (Leivar and Quail, 2011) and of the photoreceptor genes PHYA, PHYB (Devlin et al., 2003) , and CRYPTOCHROME 2. In all these cases, the level of expression and/or the response to the R:FR was stronger in bud n-2 than in bud n. The microarray analysis provided evidence that a variety of hormones were associated with bud outgrowth responses to position and light signals. Since the transcriptome data implicating ABA were very strong, its abundance was assessed in buds from plants given treatments identical to those used for the microarray experiments. The abundance of IAA was also measured in these buds as a benchmark, since several previous studies have shown that IAA levels either increase (Hillman et al., 1977; Gocal et al., 1991; Galoch et al., 1998; Balla et al., 2002) or decrease (Emery et al., 1998; Mader et al., 2003) in buds during the transition to outgrowth. The level of ABA in bud n-2 declined within 12 h following the increase in the R:FR (Fig. 5A) . The ABA level in bud n was much lower than in bud n-2 and also decreased with high R:FR, but the magnitude of the bud n response was small. IAA abundance decreased in bud n in response to increasing the R:FR (Fig. 5B) . IAA levels were lower in bud n-2 than in bud n but were not altered by the R:FR.
Genetic Test of the Roles of the ABA Biosynthetic Genes NCED3 and ABA DEFICIENT2 (ABA2) in Regulating Branching Responses to the R:FR
In conjunction with the microarray analysis, the survey of ABA abundance provided additional evidence that ABA participates in bud outgrowth responses to the R:FR. The role of ABA, therefore, was tested by measuring key architectural parameters of the ABA biosynthesis mutants nced3-2 and aba2-1 grown using the same conditions employed for transcriptome analysis of bud n-2 (low R:FR from 1 d after sowing, then continued low R:FR, or provided with high R:FR at 3 DPA). The growth of both mutants under these conditions was less robust than that of the wild type, with aba2-1 especially showing substantial pleiotropy, including a diminutive rosette with very small leaves. The plant height response of these lines to increased R:FR was similar to that of the wild type, demonstrating that neither gene is required for R:FR responsiveness in general (Fig. 6, A, B , E, and F). While increasing the R:FR reduced the correlative inhibition index of all three genotypes, the values of this parameter were lower in nced3-2 and aba2-1 compared with the wild type under both light regimens (Fig. 6 , C and G). The frequency of wild-type bud n-2 outgrowth increased with increased R:FR (Fig. 6, D and H) . Although the frequency of bud n-2 outgrowth was elevated in nced3-2 and aba2-1 compared with the wild type under low R:FR, increasing the R:FR did not significantly increase the value of this parameter Figure 4 . Expression profiles of light signaling-related genes in bud n and bud n-2 of wild-type Col-0 grown under low R:FR and then either maintained under low R:FR or provided with high R:FR for 3 h at 0 DPA (bud n) or 3 DPA (bud n-2). Data are means 6 SE with n = 3. Asterisks indicate significant differences between light treatments, within bud position, at a , 0.05. ( Fig. 6, D and H) . Rosette leaf numbers were similar (ranging from 4.9 to 5.4), as were cauline leaf numbers (ranging from 1.9 to 2.0), and total leaf numbers varied by less than 0.5 leaves. Thus, ABA restricts bud outgrowth from bud n-2 and lower in the rosette. Buds from lower positions of nced3-2 (positions n-2 and n-3) contained only about half as much ABA as the wild type (Supplemental Fig. S4A ) but had similar levels of IAA (Supplemental Fig. S4B ). Bud n and bud n-2 of aba2-1 had less than 25% of the ABA as the wild type (Supplemental Fig. S5 ). These results show that the inhibition of lower position bud elongation induced by low R:FR is attenuated in nced3-2 and aba2-1 compared with the wild type, an effect that can be attributed to the deficiency of ABA.
DISCUSSION
ABA Is a Regulator of Branching and Bud Responses to the R:FR
Drawing from the results of the gene expression analysis that demonstrated that enrichment of ABA regulated promoter motifs and GO terms, the hypothesis that ABA was a key component of the repression of bud outgrowth by low R:FR was generated and tested. ABA levels were high in bud n-2 under dormancy-promoting low R:FR and were found to rapidly decrease when bud n-2 was promoted to outgrow by high R:FR. A role for ABA in the process was confirmed by the phenotypes of the nced3-2 and aba2-1 ABA biosynthesis mutants, which showed enhanced Figure 6 . A, B, E, and F, Phenotypes (A and E) and axis lengths (B and F) of wild-type Col-0 and nced3-2 (A and B) and aba2-1 (E and F) grown under low R:FR and then either maintained under low R:FR or provided with high R:FR at 3 DPA, measured at 10 DPA. Cn, Cauline branch; MS, main shoot; Rn, rosette branch; WT, wild type. C, D, G, and H, Correlative inhibition index (C and G) and frequency of bud n-2 outgrowth (D and H) of wild-type Col-0 and nced3-2 (C and D) and aba2-1 (G and H) grown as above, assessed at 10 DPA. Bars with different letters are significantly different at a , 0.05. Asterisks indicate significant differences between R:FR treatments at a , 0.05. Data are means 6 SE with n = 30 (nced3-2) or 24 (aba2-1). [See online article for color version of this figure. ] branching and defective bud outgrowth responses to increased R:FR. ABA specifically modulates branching responses to the R:FR by restricting the outgrowth of buds from lower positions in the rosette. The correlative inhibition index integrates the timing of bud outgrowth and branch elongation rates; while the correlative inhibition index of the ABA biosynthesis mutants was lower than that of the wild type under both low and high R:FR, the index decreased with exposure to high R:FR in all three genotypes, suggesting that NCED3 and ABA2 are not essential for this response. Therefore, the R:FR modulation of the outgrowth of lower buds and correlative inhibition appear to be controlled, at least in part, by independent mechanisms.
Even at high R:FR, wild-type ABA levels were lower in the topmost rosette buds, which always form branches, than in the lower buds. Also, even at high R:FR, ABA-deficient plants showed enhanced bud n-2 outgrowth, reduced topmost branch elongation, and a reduced correlative inhibition index compared with the wild type. Thus, ABA is important in regulating branch development in response to the R:FR, but it may also contribute to position-specific bud outgrowth and branch elongation patterns.
The possibility that ABA may regulate branching has been considered many times previously. ABA levels in dormant axillary buds of a variety of species have been observed to decrease in response to decapitation of the main shoot (Knox and Wareing, 1984; Gocal et al., 1991; Mader et al., 2003) and in response to fruit removal, a treatment that also promoted bud outgrowth (Tamas et al., 1979) . Additionally, early work investigating the regulation of branching by the R:FR in Xanthium strumarium and tomato (Solanum lycopersicum) suggested that low R:FR promoted ABA accumulation while high R:FR reduced ABA levels and also permitted bud outgrowth (Tucker and Mansfield, 1972; Tucker, 1977) . Although elevated ABA levels have often been shown to be associated with bud dormancy, there is little evidence demonstrating a direct role of endogenous ABA in regulating bud outgrowth in intact plants. However, several studies using exogenous ABA (Arney and Mitchell, 1969; Chatfield et al., 2000; Cline and Oh, 2006) , the carotenoid (and ABA) biosynthesis inhibitor fluridone (Le Bris et al., 1999) , or excised nodes of transgenic ABA-insensitive plants (Arend et al., 2009 ) have implied a role for ABA in restricting bud outgrowth in pea, Arabidopsis, Ipomoea spp., tomato, rose (Rosa spp.), and poplar (Populus spp.). A recent study also identified increased ABA-related gene expression in bud-containing tissues of Arabidopsis exposed to low R:FR, which was associated with a general reduction in branch numbers (González-Grandío et al., 2013) . However, ABA levels were not assessed, and a functional test using a sextuple ABA receptor mutant did not indicate a role for ABA in the regulation of branching. Our results here support these earlier studies but extend them with genomic, biochemical, and genetic evidence that ABA acts as a regulator of branching and branching responses to the R:FR.
How does ABA integrate into the known branching regulatory apparatus? Several possibilities exist: ABA may act downstream of auxin, possibly as a second messenger; ABA may act downstream of strigolactones, possibly as a second messenger; ABA may act independently of IAA and strigolactones. A recent study found that ABA levels correlate positively with strigolactone levels, and it was postulated that ABA may regulate strigolactone production (López-Ráez et al., 2010) . While this association should not be ignored, it is noteworthy that our study shows that various aspects of ABA signaling and output were dramatically altered in buds induced to outgrow; therefore, while ABA may alter strigolactone levels, it is likely to have significant impacts on bud physiology independent of strigolactones. Grossmann and Hansen (2001) proposed that IAA effects on branching are evoked by IAA-induced ethylene, which in turn induces ABA and suppresses bud outgrowth. While this is an intriguing hypothesis, and it might be satisfying to develop a model that integrates all known branching components into a single pathway, the fact that this has not occurred in spite of intensive research over many decades may indicate that linearity is not a feature of this process. It is possible that bud outgrowth is regulated incrementally by multiple pathways and through interactions between pathways.
This study demonstrates that ABA regulates branching responses to the R:FR but does not clearly define where ABA is acting. Given that ABA levels in bud n-2 decreased rapidly in response to increased R:FR and that ABA signaling in this bud also decreased, it is reasonable to hypothesize that ABA influences bud outgrowth by acting locally in the bud. When bud n-2 was provided with high R:FR, neither ABA abundance nor the expression of most of the genes associated with ABA declined to levels equivalent to those observed in bud n under either light treatment. This may suggest that ABA and related gene expression must reach a minimum threshold to permit bud outgrowth. The effect of ABA on the process could also be influenced by other outgrowthregulating pathways, as described above. While the data are consistent with a bud-localized role for ABA, it is also possible that ABA exerts its effects in a systemic manner. Further experimentation is required to clarify these potential modes of action.
The most direct effectors of bud outgrowth appear to be transcription factors, like maize (Zea mays) TEOSINTE BRANCHED1 and GRASSY TILLERS1 and Arabidopsis BRANCHED1 (BRC1), that function in a bud-autonomous manner as repressors (Hubbard et al., 2002; Aguilar-Martínez et al., 2007; Finlayson, 2007; Whipple et al., 2011) . These transcription factors may act as integrators of other branching signals, such as those transduced by various hormones (AguilarMartínez et al., 2007; Finlayson, 2007) . Arabidopsis BRC1 was previously shown to be necessary for branching responses to the R:FR and phyB deficiency . These findings were confirmed in a subsequent study that suggested that BRC1 is necessary for the maintenance of ABA-related responses in buds (González-Grandío et al., 2013) . Defining the relationship between ABA signaling and branching integrator function is an obvious direction for future research.
Shade Avoidance and ABA
An association between shade avoidance and ABA physiology has been documented in a variety of systems in addition to those related to buds described above, but a functional link has not previously been established. ABA levels in sunflower (Helianthus annuus) and tomato leaves were elevated under low R:FR (Kurepin et al., 2007; Cagnola et al., 2012) , while they decreased in mesocotyls of maize given an endof-day far-red light treatment, although the signal was not transduced through phyB (Dubois et al., 2010) . phyB loss of function also resulted in increased ABA abundance in mature Arabidopsis leaves but reduced ABA sensitivity (González et al., 2012) . This phenomenon was linked to reduced water deficit stress tolerance in phyB-deficient plants but was not associated with shade avoidance. Conversely, ABA was not found to play a role in Rumex palustris petiole elongation responses to the R:FR (Pierik et al., 2011) , and previous transcriptome profiling studies exploring shade avoidance in Arabidopsis rosette leaves and entire young seedlings have not concluded that ABArelated gene expression was altered (Sessa et al., 2005; Carabelli et al., 2007; Tao et al., 2008; Kozuka et al., 2010; Leivar et al., 2012) , suggesting that the tissues employed may respond in a different manner that does not involve ABA. Therefore, while it seems clear that ABA levels and signal output may be responsive to the R:FR, it is likely that the roles of specific hormones in shade avoidance are organ/tissue specific.
Light Signaling Pathways in Unelongated Buds Are Responsive to the R:FR
Different organs show specific patterns of transcriptome responses to the R:FR. In tomato, the stem shows stronger responses of flavonoid, cell wall carbohydrate, and photosynthesis (dark reactions) genes than the leaves (Cagnola et al., 2012) . In our experiments with Arabidopsis, bud n-2 showed stronger responses of ABA synthesis and signaling genes than bud n. It is noteworthy that several light signaling genes also showed larger responses to the R:FR in bud n-2 than in bud n. These genes included those encoding photoreceptors (PHYA, PHYB, CRYPTOCHROME 2) and downstream players (ARABIDOPSIS THALIANA HOMEOBOX PROTEIN2, HYH, PHYTOCHROME KINASE SUBSTRATE4, GBF1). The latter suggests that similar light signals (high or low R:FR) reaching both buds would find a bud-specific status of the light perception signaling cascade, which would in turn cause the bud-specific hormonal responses. It is tempting to speculate that a PIF or GBF1 could bind the canonical GBOX motif (GBOXLERBCS) present at 277 to 285 in the NCED3 promoter in a bud contextspecific manner. Alternatively, the lower intrinsic expression levels of both light signaling and ABA-related genes in bud n under low R:FR might limit a further decrease when the R:FR increases.
CONCLUSION
The integrated study of bud responses to the R:FR and position cues demonstrates that buds from different positions in the rosette of Arabidopsis retain individual physiological and molecular characteristics; thus, they are not equivalent. This uniqueness should be considered when conducting experiments on branch development. Direct comparisons between, and inferences about, the development of buds/branches from dissimilar positions may not be wholly justified.
Increasing the R:FR from low to high resulted in profound changes in the bud transcriptome, with a substantial number of genes showing interaction effects of bud position and R:FR. Since bud n and bud n-2 exhibit contrasting responses to the R:FR in terms of outgrowth, it is likely that some of the genes showing interaction effects contribute to the divergence in growth.
The definition of ABA as a regulator of bud outgrowth adds further complexity to the branching milieu and raises the question of how ABA integrates with other known branching regulators. ABA abundances were rapidly responsive to growth-promoting high R:FR in bud n-2, while IAA levels were not. Therefore, it is tempting to speculate that ABA is acting independently of auxin in this system. However, it is also possible that auxin in the polar auxin transport stream indirectly influences the accumulation of ABA in the buds prior to changes in bud IAA levels. A variety of ABA biosynthesis genes were expressed in the buds, and the expression of some was responsive to the R:FR. These data suggest that the changes in ABA levels in buds were due to local biosynthesis/ metabolism; however, it is also possible that ABA is transported into, or out of, the bud, perhaps via the action of recently discovered ABA transporters (Kang et al., 2010; Kuromori et al., 2010) .
Bud outgrowth was very sensitive to the R:FR in plants exhibiting severe shade-avoidance phenotypes resulting from long-duration growth under low R:FR. Increasing the R:FR permitted the outgrowth of previously arrested buds. In the natural environment, this response may allow the plant to take advantage of serendipitous openings in the canopy by promoting late branching and increasing the amount of seed produced.
MATERIALS AND METHODS
Plant Material and Growth Conditions
The Columbia ecotype (Col-0) of Arabidopsis (Arabidopsis thaliana) was used throughout. Wild-type Col-60000 seed was obtained from the Arabidopsis Biological Resource Center (Ohio State University). aba2-1 and nced3-2 have been described previously (Léon-Kloosterziel et al., 1996; Urano et al., 2009) .
To investigate the effect of exposing plants grown under low R:FR to high R:FR at either 0 or 3 DPA, seeds were stratified for 3 d at 4°C and sown in 50-mL plastic conical tubes (cut to the 25-mL mark) filled with Metro-Mix 200 potting mixture. Plants were grown under 18-h-light/6-h-dark photoperiods with 24°C/18°C day/night temperatures in a growth chamber providing 180 mmol m 22 s 21 PPFD and were fertilized weekly with 1 mL of 13 Hoagland solution. The low R:FR treatment (R:FR = 0.08) was initiated 1 d after sowing and was continued until 10 DPA or was discontinued on the day of anthesis or 3 DPA by turning off far-red diodes to increase the R:FR to 3.5 without altering the PPFD. Both low-and high-R:FR conditions were maintained in the same growth chamber using a barrier in the middle to prevent light from one side of the chamber reaching the other. Light was provided using a mixture of fluorescent (F48T12/CW/VHO; Philips Lighting) and compact fluorescent (CF30EL/TWIST; Osram Sylvania Products) lamps with an overhead array of 735-nm light-emitting diodes (L735-01AU; Epitex) mounted in a clear acrylic sheet to provide supplemental far-red light. Light was measured with a Li-1800 spectroradiometer (Licor Biosciences). The R:FR was calculated as the quantum flux density from 655 to 665 nm divided by the quantum flux density from 725 to 735 nm. The spectra of the light sources are provided in Supplemental Figure S6 .
Architectural and Branch Elongation Analyses
Architectural characteristics and branch elongation were measured at 10 DPA as described by Finlayson et al. (2010) except that the correlative inhibition index was calculated for each record individually.
Transcriptome Analysis
Unelongated axillary buds less than 2.5 mm at the topmost (bud n) and third from topmost (bud n-2) rosette leaf positions of plants grown under both continuous low R:FR and low to high R:FR treatments were harvested at 3 h after altering the R:FR. RNA was extracted using Trizol. Transcriptome analysis was performed by the Nottingham Arabidopsis Seed Center using Affymetrix ATH1 genome chips. For each R:FR treatment/bud position combination, three biological replicates, each composed of RNA extracted from a pool of approximately 15 buds, were used to conduct the microarray analysis. The microarray data are available through the Gene Expression Omnibus (GSE42415) and NASCarrays (NASCARRAYS-561).
Microarray data analysis was performed using GeneSpring GX software version 11.0 and other tools. CEL files corresponded to three biological replicates for each of the four bud position (bud n and bud n-2) and light treatment (low R:FR and high R:FR) combinations: bud n low R:FR, bud n low to high R:FR, bud n-2 low R:FR, and bud n-2 low to high R:FR. The MAS5 summarization algorithm was used to normalize the data based on the median values, and the data were filtered to retain only features that were flagged "present" in all three replicates of at least one R:FR treatment/bud position combination, thus excluding features that were not reliably detected. This resulting set was subjected to a two-way factorial ANOVA to identify differentially expressed features (P , 0.05), and false positives were subsequently controlled using q to apply the Benjamini-Hochberg method to estimate the false discovery rate, with q , 0.05. The statistics (ANOVA and false discovery rate) produced three major categories of features showing significant expression responses: main effect of the R:FR (2,483), main effect of bud position (9,011), and interaction effect of the R:FR and bud position (2,048). The statistical grouping resulted in features occurring in overlapping categories. Venn diagrams were used to sort the features into groups that were specific for R:FR effects (386), bud position effects (6,162), combined effects of the R:FR and bud position (1, 208) , and interaction effects (2,048). These genes were further filtered by a paired Student's t test (P , 0.05) for significant R:FR effects in bud n-2. The resulting output was clustered by the direction of the bud n-2 expression response to the R:FR. Supplemental Figure S1 provides an overview of the data analysis strategy and general outputs. Gene clusters are provided in Supplemental Table S1 .
Hormone-responsive genes for the quantification of ABA and IAA signal outputs were identified from the stringent set described by Goda et al. (2008) . Expression values for genes exhibiting repressed expression in response to the hormone were inverted by using the negative of the log value to calculate the fold change before averaging.
Promoter Motif and GO Analysis
Promoter motif analysis was performed using the Athena Web site (www. bioinformatics2.wsu.edu/cgi-bin/Athena/cgi/home.pl), and GO analysis was performed using the GO enrichment tool on the AtCOECiS Web site (http://bioinformatics.psb.ugent.be/ATCOECIS/; Vandepoele et al., 2009 ).
Analysis of Hormone Abundance
Phytohormones in unelongated buds were quantified using isotope dilution selected ion monitoring gas chromatography-mass spectrometry. Bud n was harvested following light treatment on the day of anthesis into a 1.7-mL microfuge tube chilled in liquid N 2 . Bud n-2 was harvested in the same manner, but following treatment at 3 DPA. Bud mass was estimated after transfer to new frostless chilled tubes. Approximately 30 buds were pooled per sample replicate. A mixture of stable isotope-labeled [ 2 H 6 ]ABA (0.5 ng)
and [ 13 C 6 ]IAA (1 ng) was added to each sample replicate. The buds were extracted twice with 500 mL of methanol warmed to 55°C and then once with 500 mL of 80% ethanol warmed to 55°C, centrifuging and pooling the cleared supernatants after each extraction. The pooled extracts were dried, and the residue was resuspended in 800 mL of chloroform and partitioned against 1 mL of water adjusted to pH 9.0 with NH 4 OH. The aqueous fraction was recovered, adjusted to pH 5.0 with acetic acid, and partitioned against 1 mL of ethyl acetate. The organic fraction was dried and then methylated with ethereal diazomethane. Samples were analyzed on an Agilent 7890A/5975C XL gas chromatograph-mass spectrometer equipped with a 0.25-mm 3 30-m DB-5MS column (0.25-m film) using pulsed splitless injection (7693A). Helium was used as the carrier gas at 0.75 mL min 21 . The inlet was maintained at 250°C, and the oven was ramped from 45°C (2.25-min initial hold) to 250°C at 40°C min 21 , held at 250°C for 3 min, and then ramped to 290°C at 40°C min 21 .
The ion source temperature was maintained at 230°C, and the quadrupole was heated to 150°C. The ion source was operated in electron-impact mode, and both scan and selected ion data were acquired. Two sets of ions were monitored for each hormone, and the larger fragment was used for quantification (ABA, 162, 166, 190, IAA, 130, 136, 189, and 195 mass-to-charge ratio).
Statistics
Statistics associated with the microarray analysis are described above. For other data, comparisons between means were made using ANOVA followed by Tukey's test or using a two-tailed Student's t test with a , 0.05. Comparisons between frequencies were made using Fisher's exact probability test with a , 0.05.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Bud phenotypes and microarray analysis overview.
Supplemental Figure S2 . Expression of ABA-responsive genes.
Supplemental Figure S3 . Expression of IAA-responsive genes.
Supplemental Figure S4 . ABA and IAA abundance in buds of WT Col-0 and nced3-2.
Supplemental Figure S5 . ABA abundance in buds of WT Col-0 and aba2-1.
Supplemental Figure S6 . Spectra of light sources used in the experiments.
Supplemental Table S1 . List of genes showing expression changes in response to the R:FR in bud n-2.
